Four varieties of water melon, exhibiting highly susceptible to highly resistant response to powdery mildew, were investigated for the role of wax content, stomata number, stomata size, and thickness of palisade and spongy tissues in resistance to powdery mildew. The results revealed: (1) wax content of the resistant varieties was remarkably higher than in the susceptible varieties; (2) stomata on the upper surface of leaves in the resistant varieties was significantly dense than in the susceptible ones, but stomata size in the resistant varieties was just the opposite; and (3) the layer of spongy tissue in the resistant varieties was thicker than that in the susceptible genotypes, but the layer of palisade tissue was thinner in the resistant genotypes compared to the susceptible ones. Wax content, stomata number, stomata size, and thickness of palisade and spongy tissues could serve as a reliable indicator of resistance to powdery mildew in melon.
Introduction
Water melon (Cucumis melo L.) is an important cucurbitaceous crop widely grown in Asian countries and exhibits high genetic diversity with distinct fruit characteristics, and the largest planting area and yield (Wang et al. 2006) . However, outbreaks of powdery mildew can cause substantial losses in the yield and marketability of melon fruits (Kuzuya et al. 2006 ).
Powdery mildew is a serious disease of greenhouse and field cucurbitaceous crops worldwide (McGrath and Thomas 1997; Sitterly 1978) . The two main causal agents of the disease deeply investigated are Podosphaera xanthii and Golovinomyces cichoracearum (Braun et al. 2002) . Previous studies had demonstrated that P. xanthii affects the crop in most countries (Mohamed et al. 1995; Vakalounakis et al. 1994 ), but G. cichoracearum could lead to significant reduction in the yield of cucurbitaceous crops in temperate zones (Lebeda 1983) . Seven races of P. xanthii and two races of G. cichoracearum invade water melon plants (Bardin et al. 1999) . When widely distributed in open fields and greenhouses, they induce scabs on the fleshy leaves, reduce photosynthetic activity, and reduce fruit quality and yield, eventually resulting in plant death even at the adult stage (Perchepied et al. 2005) . Severe losses occur not only during vegetative growth but also in reproductive phase. The incidence of disease can be reduced by cultural practices such as lowering relative air humidity and temperatures and reducing crop density, however these methods are not always effective to a great extent (Mitchell et al. 2007 ). Fungicide applications during growing period have become inevitable to protect the crop from severe losses, but recurrent fungicide applications are inappropriate because pathogens can develop resistance and excessive use of chemicals could lead to environmental pollution (Hollomon and Wheeler 2002) . One of the biggest challenges facing the plant breeders today is breeding of cultivars resistant to powdery mildew and avoids the use of chemicals for disease control.
A series of self-defense structures such as waxy coating on surface, cuticle, pubescence, stomata, etc. are created in the evolutionary process during interactions between plants and the pathogenic fungi and bacteria. Previous studies suggested that leaf waxiness and stomata density might play a role in host plant resistance in banana (Ortiz and Vuylsteke 1994) , wheat (Ulukan and Özgen 1999) , soybean (Shi et al. 2008) , tomato (Kang et al. 2010) , and oilseed rape (Wang et al. 2012) . In this study, wax content, stomata traits on the upper leaf surface, and internal structure of leaf were analyzed to known the relationship between leaf structure and powdery mildew resistance in melon.
Materials and methods

Plant materials and inoculation
Four varieties (PMR 5, Planters Jumbo, BaiLanMi, and HuangHeMi 3) were chosen based on the level of disease resistance (PMR 5 -highly resistant to powdery mildew, Planters Jumbo -moderately resistant, BaiLanMi -moderately susceptible, and HuangHeMi 3 -highly susceptible). One variety (PMR 5) originated from the Clemson University, South Carolina, USA, and seeds of the remaining three varieties were obtained from the Gansu Agricultural University, Lanzhou, China, and were raised in a greenhouse of the Gansu Agricultural University. Race 1 of G. cichoracearum was obtained from the Department of Horticulture, Gansu Agricultural University, Lanzhou, China. Seedlings of all varieties were uniformly inoculated at three-leaf stage with spore shaking method (Zhang 2010) . Uninoculated seedlings served as control.
Wax extraction
The wax was extracted from the fresh leaves at four intervals (3, 6, 9, and 12 days after inoculation) and the controls by immersing the leaves in 30 ml chloroform for 1 min. The extracts were firstly filtered into the beaker with known weight, and evaporated, and then dried at room temperature. The beaker containing the extract (wax) was weighted again and the weight of the extract (wax) was obtained by subtracting the weight of the beaker from the weight of the beaker containing the extract (wax). Wax content was calculated per unit fresh leaf weight (mg/g) by dividing the weight of wax extracted from the fresh leave by the weight of the corresponding fresh leave. Each variety was repeated 3 times and the average values were recorded.
Determination of stomata number and size
Leaf samples of four varieties were excised from the center of the fourth and fifth leaves of each plant at the same time each day to avoid error in the opening or closing of stomata due to variation in light conditions. The samples were then mounted in glycerin and observed under a light microscope (Olympus-BX51W1). The number and size of stomata on the upper surface of leaves were measured at 400X magnification through an ocular micrometer. The number of stomata was recorded from a random selection of one visual field as the unit of area measurement with hemocytometer. Fifty visual fields were selected in each variety and the mean values were recorded. Maximum longitudinal and horizontal diameters of stomata were measured by a microscope graticule. Measurements taken were converted from graticule units to micrometres by multiplication by 1.85 (conversion factor for 363 objective). The size of stomata was approximately obtained by multiplying maximum longitudinal diameter by maximum horizontal diameter. Fifty stomata were selected in each variety and the mean values were recorded.
Paraffin sectioning
The fourth leaf in each of the four varieties, fixed in FAA (formaldehyde acetic acid)-ethanol-H 2 O mixture (in the ratio of 15 : 5 : 45 : 30 by vol.) were stained with hematoxylin for more than 24 h and dehydrated through an ethanol series as (Li et al. 2013 ). The leaf samples were embedded in paraffin and cut into longitudinal sections. The sections were then observed, measured, and photographed under an Olympus-BX51W1 light microscope.
Results
The results revealed that wax content was significantly different between the resistant and susceptible varieties. Wax content of the resistant varieties was always higher than in the susceptible ones after fungal inoculation and reached its maximum value (21.2 mg/ g) on the ninth day in the highly resistant variety PMR 5 (Table 1) . This variety ranked first with average wax content 10.74 mg/g, the second variety in order was the moderately resistant Planters Jumbo with 7.47 mg/ g wax content. The two susceptible varieties BaiLanMi (moderately susceptible) and HuangHeMi 3 (highly susceptible) had very low and almost comparable wax deposition on their leaves (4.34 and 4.08 mg/g, respectively) (Table 1) . Furthermore, wax content was also significantly different between the artificially infected plants and control (uninoculated). Wax content of the infected plants was generally more than in their uninoculated counterparts (Table 1) .
Stomata number in the highly resistant variety PMR 5 was 40.4 per visual field, while the stomata number in the same area on the leaves of the most susceptible variety HuangHeMi 3 was almost half at 21.6 (Table 2) . Moreover, the size of stomata was smaller (mean length 6.1 µm 2 ) in the highly resistant variety PMR 5 than in the most susceptible variety HuangHeMi 3 (9.0 µm 2 ) ( Table 2) .
Investigation of the internal leaf structures of the four genotypes in paraffin sections demonstrated that the epidermal cells of the moderately resistant variety Planters Jumbo were small and dense, while those in the highly susceptible genotype HuangHeMi 3 were large and loose (Fig. 1 B, D) . In addition, the spongy tissue in the moderately resistant variety Planters Jumbo was relatively thicker, however, its palisade tissue was just the opposite (i.e. thinner) (Fig. 1 B) . The palisade tissue in the two susceptible varieties, HuangHeMi 3 and BaiLanMi, was relatively thicker (Fig.  1 C, D) . 
Discussion
There were perceptible differences in the wax content of leaves between the resistant and susceptible varieties, which indicated that the phenomenon of powdery mildew resistance is clearly related to wax content of leaves. Craenen et al. (1997) observed that the presence or increase of wax content on the leaves slows down the speed of fungal growth and delays the time of mycelium appearance up to 5 days. The present results also showed that in most cases, wax content increased in all varieties in response to infection than in their respective controls (i.e. uninfected plants). This suggested that fungal infection itself elicited defense mechanisms within the plants by releasing signals that promote synthesis of wax in the plant tissues. Experiments are in progress to investigate the mechanism of wax synthesis in response to fungal invasion.
Interestingly, this study confirmed that in response to fungal attack, the plants produced more wax as a protective shield. In the absence of severe disease situation, the plants did not have the need to deplete their metabolic resources on manufacturing wax. We therefore suggested that the accumulated wax created a physical barrier which prevents/delays fungal spread within the tissues.
This study also demonstrated that the number of stomata in the highly resistant variety PMR 5 was nearly twice as much as in the most susceptible variety HuangHeMi 3. The stomata in the most resistant variety (PMR 5) were smaller (nearly two-thirds) than in the most susceptible variety HuangHeMi 3. The correlation between incubation time and stomata length was reported for diploid banana (Craenen et al. 1997) . Incubation time was shortened one day by increasing 1 µm in stomata length in the third and fourth leaf in diploids, the causality of which was accordant with the present study with the diploid water melon. It was inferred that the smaller stomata and/or the shorter stomata length would supply lesser space fungal invaded from opening stomata and the more opportunities to prevent/delay fungal infection. Historically, stomata had been considered as passive portal of entry for plant pathogenic bacteria and they might encode a virulence factor to allow them to overcome stomatal closure and enter leaf tissues (Underwood et al. 2007 ). Recent studies suggested that stomata could play an active role in restricting bacterial invasion as part of the plant innate immune system and different stomatal sizes impacted the effectiveness of stomatal defence (Lozano-Duran et al. 2014; Roos et al. 2014; Sun et al. 2014; Withers et al. 2011 ).
The study of anatomical structures of leaf revealed that the epidermal cells and spongy tissue of the resistant varieties were smaller and more compact than the corresponding tissues in the susceptible genotypes. These dense internal tissues could also hinder fungal growth as physical barriers and slow down speed of incubation.
The above results suggested that some morphological traits (with the exception of wax content) such as, stomata traits could not be regarded as a factor improving resistance to fungal infection. However, wax content, stomata traits, the epidermal cells, and spongy tissue might have some effect on incubation time. 
